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With discovery of the 125 GeV boson h0, the existence of a second doublet is very plausible. We
show that the “alignment” phenomenon, that h0 is found to resemble closely the Standard Model
Higgs boson, may correspond to Higgs quartic couplings ηi that are O(1) in strength. If the exotic
bosons of the second doublet possess extra top Yukawa couplings, which are the least constrained
by data, such a two Higgs doublet model could drive electroweak baryogenesis, as well as further
“protect” the apparent alignment. The exotic Higgs bosons can be sub-TeV in mass while remaining
well hidden so far, with broad parameter space for search at the Large Hadron Collider.
PACS numbers: 12.60.Fr, 14.65.Ha, 14.80.Cp, 14.80.Ec
Introduction.— The 125 GeV scalar boson h0 discov-
ered [1] in 2012 resembles closely [2] the Higgs boson
of the Standard Model (SM), but no sign of physics be-
yond SM has emerged so far at the Large Hadron Collider
(LHC). This includes supersymmetry (SUSY), where its
scale could be [3, 4] at several TeV, with some light
state(s) perhaps still elusive.
The h0 boson belongs to the weak doublet Φ that has a
vacuum expectation value (VEV) v ∼= 246 GeV, inducing
electroweak symmetry breaking (EWSB). Since all weak
fermion doublets come in three copies, it is reasonable
that a second scalar doublet Φ′ exists, and the physical
H0, A0 and H± bosons should be pursued at the LHC.
But where are they? In fact, SUSY implies two Higgs
doublets, but a recent minimal SUSY (MSSM) fit places
the exotic scalars at 5 TeV [4], which is in the decoupling
limit [5], and would be bad news for the LHC search.
It echoes also the apparent “alignment”, the observed
proximity [2] of h0 to the SM Higgs boson. The MSSM
fit, however, is actually quite “flat” [6] in mΦ′ , and in
any case does not stop phenomenological studies [7–13]
from probing below the TeV scale.
Most phenomenological and experimental studies for
the LHC are in the SUSY-inspired two Higgs doublet
model (2HDM), called 2HDM-II, where up- and down-
type quarks receive mass from separate scalar doublets.
In this way, mass and Yukawa matrices are diagonal-
ized simultaneously, and flavor changing neutral Higgs
(FCNH) couplings are absent. This is the Natural Flavor
Conservation (NFC) criteria [14] of Glashow and Wein-
berg, where a Z2 symmetry is invoked for the Higgs and
fermion fields. As such, 2HDM-II (and also the so-called
2HDM-I) has no new Yukawa couplings.
It is, however, the unique CP violating (CPV) phase in
quark mixing, rooted in Yukawa couplings, that accounts
for all laboratory-observed CPV phenomena. Given the
deep shortfall from explaining the baryon asymmetry of
the Universe (BAU), it is natural to ask whether extra
Yukawa couplings could be considered without the usual
Z2. It was noted long ago [15] that, given the trickle-
down pattern or mass suppression of off-diagonal quark
mixings, NFC (hence the Z2 symmetry) may not be nec-
essary, while t → ch decay induced by the least con-
strained tch coupling could serve as hallmark [16]. After
the h0 discovery, it was further advocated [17] that, much
like flavor couplings within SM, one should just let Na-
ture decide on the FCNH couplings.
Starting from the general 2HDM without the Z2 sym-
metry, we show that approximate alignment may reflect
O(1) couplings in the Higgs potential. Such couplings
could bring about first order electroweak phase transi-
tion, which in fact could work also for 2HDM-II. But the
bonus [18] for the general 2HDM is that it could attain
electroweak baryogenesis (EWBG), i.e. generate BAU,
where new O(1) top quark Yukawa couplings provide new
sources of CPV. We argue that NFC protection against
FCNH can be replaced by approximate alignment, to-
gether with a flavor organizing principle reflected in SM
itself. Interestingly, the O(1) extra top Yukawa coupling
may help protect alignment [19].
2HDM-II: Alignment without Decoupling.— In want
of additional scalar bosons at sub-TeV scale, the issue
of “alignment without decoupling” has certainly been a
topic of discussion [5, 7–13]. Let us define alignment
more precisely: in notation of 2HDM-II, near alignment
means the mixing angle cos(β − α) between h0 and the
heavy CP -even scalar H0 is small, where tanβ = v2/v1
is the ratio of VEVs of the two doublets, distinguished by
the Z2 symmetry that enforces NFC, while α is a mixing
parameter arising from the Higgs potential.
It is useful to clarify some confusion brought about
by this notation. Given that β and α have rather dif-
ferent origins, one may ask: Why should β ≃ α ± pi/2?
This is exacerbated by claimed “solutions” for alignment
without decoupling. For example, whether in the form of
Eq. (4.8) or Eq. (4.14) of Ref. [8], the proposed solutions
equate tanβ with some combination of quartic Higgs cou-
plings, be it from Higgs potential, or from loop effects.
One has alignment without decoupling if the equality
holds approximately, but the question then is why would
tanβ match the right-hand side. Efforts have been made
to elucidate [8, 9, 12] the situation in MSSM, where one
2needs fine-tuned cancellations between tree level and up
to two-loop corrections [12] from top (squark) sector. As
we will discuss shortly, β−α should be viewed as a single
angle between the so-called Higgs basis [20] and neutral
Higgs mass basis [21].
The sense of “fine-tuning” might reflect some under-
lying symmetry. Ref. [22] found three maximal symme-
tries (with SO(5) the simplest) of the Higgs potential for
two Higgs doublets, that “naturally realize the alignment
limit” without need of large tanβ, hence may be an im-
provement. Renormalization group effects would break
this symmetry, hence deviate from alignment. In this
Letter, we take a simpler approach: rather than more
symmetry that may link to high scales, we focus on the
Higgs potential and remove all symmetry, which is op-
posite the direction of exploration from Ref. [22]. In the
following, we explore the Higgs sector, and return to fla-
vor and phenomenology issues subsequently.
General Higgs Potential and Alignment.— The Higgs
potential of the 2HDM without Z2 symmetry is,
V (Φ, Φ′) = µ211|Φ|
2 + µ222|Φ
′|2 −
(
µ212Φ
†Φ′ + h.c.
)
+
η1
2
|Φ|4 +
η2
2
|Φ′|4 + η3|Φ|
2|Φ′|2 + η4|Φ
†Φ′|2
+
{η5
2
(Φ†Φ′)2 +
[
η6|Φ|
2 + η7|Φ
′|2
]
Φ†Φ′ + h.c.
}
. (1)
The usual notation for Higgs potential with Z2 symmetry,
where Φ → Φ and Φ′ → −Φ′ under Z2 is in form of m
2
ij
and λi, with λ6 = λ7 = 0. We take V as CP conserving,
hence all parameters are real for simplicity. Without Z2,
Φ and Φ′ cannot be distinguished (and tanβ is unphysi-
cal), we can choose the (Higgs) basis where Φ generates
v for EWSB, with minimization conditions [23–25]
µ211 = −
1
2
η1v
2, µ212 =
1
2
η6v
2. (2)
The second condition reduces the parameter count by
one. To be explicit, Eq. (1) has the parameters v, µ222
(positive definite) and ηi with i = 1–7; with Z2, the pa-
rameters are v, tanβ, m212 (soft breaking) and λi with
i = 1–5. As the Higgs basis always exist, a relation
(Eq. (54) of Ref. [10]) between ηi’s must be satisfied to
guarantee one could rotate to the “Z2 basis” [10] where
λ6 = λ7 = 0, through which the tanβ value can be
found [21]. Thus, our following discussion applies also
to 2HDM-II .
The charged and CP -odd Higgs masses are,
m2H± = µ
2
22 +
1
2
η3v
2, (3)
m2A = µ
2
22 +
1
2
(η3 + η4 − η5)v
2. (4)
For the CP -even Higgs mass matrix, one has
M2even =
[
η1v
2 η6v
2
η6v
2 µ222 +
1
2
(η3 + η4 + η5)v
2
]
, (5)
which is diagonalized by
RTγM
2
evenRγ =
[
m2H 0
0 m2h
]
, Rγ =
[
cγ −sγ
sγ cγ
]
, (6)
with convention similar to 2HDM-II: cγ ≡ cos γ replaces
cos(β−α), and sγ ≡ sin γ. It is now clear that γ ≡ β−α is
the relative angle between the Higgs basis and the neutral
Higgs mass basis, and is basis-independent.
Taking mh ∼= 125 GeV the observed value, we do not
give the detailed formula for mH , but note the mixing
angle cγ satisfies two relations,
c2γ =
η1v
2 −m2h
m2H −m
2
h
, sin 2γ =
2η6v
2
m2H −m
2
h
. (7)
In alignment limit of cγ → 0, sγ → −1, one has η1 →
m2h/v
2 ≃ 0.26. For cγ small but nonvanishing, η1v
2−m2h
can be weighed down bym2H−m
2
h. Since sγ → −1 always
holds better than cγ → 0, the second relation gives
cγ ≃
−η6v
2
m2H −m
2
h
, (near alignment) (8)
which appears e.g. in Refs. [11, 12].
The discussion in Ref. [11] is more general (see below),
but both Refs. [11, 12] focused on |η6| ≪ 1 in their dis-
cussions. We stress, however, that small η6 is in general
not needed in the 2HDM: cγ can be small for
|η6| ∼ O(1), m
2
H −m
2
h & several v
2. (9)
Note that a low m2h/v
2 ≃ 0.26 is not required, i.e. cγ can
be small even formh ∼ 300 GeV, so long thatm
2
H−m
2
h &
several v2. But m2H − m
2
h & several v
2 implies that at
least one of η3, η4, η5 is O(1), or (inclusive) µ
2
22 > v
2.
Furthermore, for η6 ∼ O(1), level repulsion could drive
m2H −m
2
h apart and push m
2
h/v
2 down from η1 ∼ O(1).
On the other hand, given the observed m2h/v
2 ∼ 0.26, if
one allows the tuning of η6 . 1/4, one could get extreme
alignment, i.e. cγ → 0, resulting in η1 → 0.26.
But in general, η6 need not be small! This can in fact
be seen from Fig. 1 of Ref. [11], the numerical study of
2HDM-II and 2HDM-I: |Z6| ∼ 1 can still give |cβ−α| ∼
10% (or more) for mH . TeV, where Z6 is equivalent
to our η6. However, as mentioned, this study focused on
very small |Z6| values, and |Z6| ∼ 1 was barely discussed.
Numerical Illustration with Custodial SU(2).— Our
presentation so far has been general, and as we have just
commented, does not really depend on whether a Z2 sym-
metry is imposed or not. But with ηi ∼ O(1), one should
check precision electroweak constraints. There are two
corrections to the T parameter,
∆T 2HDM = ∆TSS +∆TSV , (10)
where the SS term involves only scalars, while the SV
term involves both scalars and vectors. We note that
η4 = η5 ≡ η
′, (custodial SU(2)) (11)
3FIG. 1. For mA = mH+ = 350, 475, 600 GeV and η4 = η5 ≡ η
′ ∈ (0.5, 2): [left] mH vs cos γ; [right] η1 vs η6, where filled
circles are for − cos γ = 0.1, 0.2, 0.3. The 95% C.L. limit from S-T data [28] cuts off parameter space (dotted lines).
givesmA = mH+ hence restores the custodial SU(2) sym-
metry [26, 27], which can be verified through V (Φ, Φ′).
Assuming Eq. (11), the ∆TSS term vanishes. However,
∆TSV does not vanish because MW 6=MZ , and provides
some constraint as it is proportional to c2γ .
Taking the T parameter constraint into account, we
illustrate approximate alignment for the simplified case
of custodial SU(2), i.e. m2A = m
2
H+
. We plot mH vs cγ
in Fig. 1[left] for fixed mA = mH+ = 350, 475, 600 GeV,
and for η′ (or η4 = η5) ranging from 0.5 to 2. We see that
the 95% C.L. limit from S-T parameter data [28] cuts
the solution space off around −cγ ∼ 0.3, illustrated by
solid lines that turn into dotted lines. This corresponds
to −sγ ≃ 0.95, which is still close to alignment. To be
conservative, one can take −cγ < 0.2, or −sγ > 0.98,
which is rather close to the alignment limit.
In Fig. 1[right] we plot η1 vs η6, where −cγ =
0.1, 0.2, 0.3 (−sγ ∼= 0.995, 0.980, 0.954) are marked by
filled circles. We see that, formA = mH+ = 350, 475, 600
GeV, one has −cγ . 0.2 for η6 . 0.5, 1, 1.5, respectively,
i.e. close to alignment, while for η6 . m
2
h/v
2 ∼= 0.26,
one is very close to the alignment limit. We note further
that, while η1 < η6 in general, there is large parameter
space where both are O(1), and m2h is pushed down from
larger η1v
2 values to what is observed by level repulsion.
We stress that Fig. 1 is an illustration, not yet a scan.
Although mA = mH+ = 350, 475, 600 GeV do not
distinguish between µ222 and η3v
2/2, they imply
µ222/v
2 + η3/2 ≃ 2, 3.7, 6, (12)
respectively. If one assumes equal share between the two
terms, one has η3 ∼ 2 for 350 GeV, while for 600 GeV,
η3 ∼ 6 is becoming sizable. If we keep η3 . 3 for per-
turbativity, then µ222 & (367 GeV)
2, (519 GeV)2, respec-
tively, for mA = mH+ = 475, 600 GeV. Thus, although
our alignment discussion is not affected, the inertial µ222
would take up more role formA, mH+ & 500 GeV. In this
context we remark that, just having one |ηi| ∼ 1 implies
the Landau pole is not far above 10 TeV. Thus, O(1)
Higgs quartic couplings imply a nearby strong coupling
scale, which would be a boon to a 100 TeV pp collider.
Some Higgs quartic couplings could be negative, however,
hence the Landau pole scale is rather uncertain.
One-loop Protection.— So far our discussion does
not depend on imposing a Z2 symmetry or not. We
wish, however, to further point out a mechanism [19],
within 2HDM without Z2, where alignment could be
“protected” at loop level. With all ηi ∼ O(1), the one
loop corrections to, e.g. Γ(h→ ZZ∗) by the extra scalars
are significant, resulting in reduction. But while Yukawa
couplings of Φ (Eq. (1)), the mass-giving doublet, are
diagonalized with fermion masses, those of Φ′ are not,
and the point [17] of general 2HDM is that Nature has
some flavor organizing principle that suppresses FCNH
involving low mass fermions. Given λt ∼= 1, however, the
top-related extra Yukawa couplings ρtt and ρct could be
O(1) [17]. We have shown [19] that, for ρttcγ < 0, the
top loop effect enhances Γ(h → ZZ∗), and could com-
pensate a negative deviation due to bosonic loops. Thus,
approximate alignment may be only apparent, although
ρttcγ of wrong sign would be in the wrong direction.
In Fig. 2 we plot κZ , the one-loop corrected hZZ cou-
pling [19] in the general 2HDM normalized to SM, vs ρtt
for mA = mH+ as before, and for η
′ = 0.5, 2 and several
η6 ≤ 1 values. As cγ < 0, we see that ρtt > 0 could bring
κZ back to 1, but for ρtt < 0, the top and bosonic loops
together can push κZ sufficiently below SM expectation,
which is not observed [2]. Note that for heavier H0, the
ρtt < 0 case is still allowed at present. We have checked
that the trend for h → γγ is similar, but because the
experimental errors [2] are more forgiving, they do not
constrain the plots in Fig. 2.
Thus, 2HDM without Z2 can not only give rise to small
|cγ |, but provide a loop protection mechanism.
Phenomenology.— For the phenomenology of 2HDM
without Z2 symmetry, one first needs to address the re-
cent bound [29] of mH+ & 580 GeV. This holds actually
for 2HDM-II, as the H+ effect is always [30] constructive
with SM in the b → sγ decay amplitude, with leading
piece independent of tanβ. Thus, with the Belle up-
date [31] of B → Xsγ being slightly below SM expecta-
tion, a more stringent limit follows. In the 2HDM with-
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FIG. 2. Same as Fig. 1, but for κZ (∼ |Γh→ZZ∗/Γ
SM
h→ZZ∗ |
1/2 measured experimentally) vs ρtt for several η6 ≤ 1 values.
out Z2, however, there is no tanβ, while the new Yukawa
couplings ρct, ρtt (even ρcc) and ρbb enter the loop [17],
with ρbb constrained to be small (|ρbb| . λb, which is rea-
sonable) because of chiral enhancement. These couplings
are further complex, hence b → sγ carves out a solution
space in the aforementioned parameters, but the 580 GeV
bound on mH+ valid for 2HDM-II does not apply.
With tanβ removed as a parameter, the extra Higgs
boson search strategy should be revised. For example,
H0/A0 → τ+τ− and bb¯ search are in the wrong direction,
as the extra Yukawa couplings should be rather small.
With ρtt ∼ O(1), however, the neutral states A
0 and
H0 are produced via gluon fusion and decay strongly to
tt¯, which is hard to disentangle [32, 33] from the large
gg → tt¯ background, due to distortion from interfer-
ence and detector smearing. The ATLAS study [34] with
8 TeV data takes interference effects into account, but
leverage is mainly for tanβ . 0.7 in 2HDM-II, i.e. with
enhanced top couplings, so our ρtt ∼ O(1) parameter
space is not yet constrained. Likewise, the ATLAS study
of pp→ tbH± (H+ → tb¯) [35] at 13 TeV, or tt¯ final states
with additional heavy flavor jets [36], are again sensitive
to low tanβ values and do not yet constrain our scenario.
But with fast accumulation of Run 2 data, further dis-
cernment by ATLAS and CMS are encouraged.
To account for the absence of signal for sub-TeV
scalar bosons, we have therefore chosen our lowest mass,
mA = mH+ = 350 GeV, to be above the tt¯ thresh-
old, which should be revisited by experiment. Associ-
ated production, such as tt¯H0/A0 and t¯bH+(tb¯H−) fol-
lowed by H0/A0 → tt¯ and H+ → tb¯(H− → t¯b) decays
would be the search strategy [35–37] at high luminos-
ity. An intriguing alternative, as studied in Ref. [38],
may be gg → H0/A0 → tc¯(t¯c) with decay mediated by
ρct coupling. Despite being suppressed by c
2
γ , search
for t → ch0 [17] should certainly continue. Note that
A0 → h0Z0, H± → h0W± and H0 → h0h0 decays are
suppressed by c2γ , and can be ignored above tt¯ threshold.
Close to alignment and with custodial SU(2), m2H >
m2A = m
2
H+
by η′v2 (see Eq. (11)). So for η′ .
(2mZmA +m
2
Z)/v
2, one has mH −mA . mZ . Thus, for
mA = 350, 475 GeV, mH −mA,H+ & mZ for η
′ & 1.19,
1.57, while mH − mA < mZ for mA = 600 GeV, un-
less η′ & 2. Thus, for lower mA = mH+ that enjoy
larger cross sections, there are interesting H0 → A0Z,
H±W∓ decays. The former could lead to tt¯Z signature,
with potential mass peaks in both mtt¯ and mtt¯Z . The
H±W∓ → tb¯W−(t¯bW+) final state, however, may be
swamped by tt¯ background. In any case, these processes
would likely be subdominant, unless ρtt turns out to be
far less than 1.
After completion of the original work of this Letter,
the process cg → tS0 → ttc¯, ttt¯ (S0 = H0, A0) was
explored [39], which proceed via the extra ρct and ρtt
couplings. It was found that the same-sign top [40] or
triple top signatures can be probed already with full LHC
Run 2 data, in contrast with the need of very high lumi-
nosity for the four-top signature [22, 35–37].
The general 2HDM with its FCNH couplings has much
impact on flavor physics and CPV (FPCP), and our pa-
rameter range in fact overlaps well with the possibil-
ity [18] of EWBG. We refer to Ref. [18] for discussion
of related FPCP phenomenology, such as electron (and
neutron) electric dipole moment, h → µτ and τ → µγ,
as well as corrections to h→ γγ and λhhh.
Discussion and Conclusion.— The parameter space
for alignment in 2HDM is larger than we discussed. Cus-
todial SU(2), or mA = mH+ , used to control ∆T , need
not be required: the ∆T constraint would just carve out
some “slices” in mH , mA and mH+ space. The derived
condition that some ηi ∼ O(1) echoes the need for first
order EWPT, while Im ρtt drives the CPV source for
EWBG [18]. But O(1) couplings are also not strictly
necessary. A full account of the phenomenology associ-
ated with alignment is beyond the scope of this work.
We have argued from Eq. (12) that, to keep η3 pertur-
bative, µ222/v
2 has to grow in value for mH & 500 GeV,
which would eventually lead to decoupling. Thus, for
sake of EWBG, Fig. 1 reflects the mass range of interest
for exotic Higgs search at the LHC.
As an example of different parameter values, suppose
we let η′ < 0 in Eq. (11). For mA = mH+ = 550 GeV
5and η′ ∈ (−1, −1/4), η6 ≃ 1/4, we havemH ∈ (493, 537)
GeV and cγ ≃ −0.067 to −0.056, still close to alignment.
More negative η′ values would move mH lower. Another
example is “twisted custodial” symmetry [41], m2H0 =
m2
H+
, where η4+η5 = 0 instead of Eq. (11). The situation
is not so different from Fig. 1: mA0 > mH0 = mH+ for
η4 > 0, and mA0 < mH0 = mH+ for η4 < 0, which is
more constrained by ∆T but less aligned.
Small Cabibbo mixing, sin θC . 1/4, as well as the
full quark mass-mixing pattern, are not understood. In
contrast, approximate alignment may reflect O(1) Higgs
quartic couplings. In retrospect, NFC [14] was an overkill
against FCNH. Even the Cheng-Sher ansatz [15] was only
an intermediate step. The exotic H0/A0 can have FCNH
couplings, but approximate alignment suppresses such
couplings for h0. The observed mass-mixing pattern,
rooted in the Yukawa couplings of the SM-like doublet,
further modulates the strength of Yukawa couplings (in-
cluding FCNH) of the exotic doublet. There is much to
look forward to if such Higgs bosons are discovered.
In conclusion, approximate alignment arises in the gen-
eral two Higgs doublet model if some of the dimension-
less parameters in the Higgs potential, including µ222/v
2,
are O(1). There is no need to impose small parameters,
and it does not depend on whether a Z2 discrete sym-
metry is imposed or not. This revitalizes the outlook
for sub-TeV H0, A0 and H± bosons. Discovery of such
bosons with O(1) Higgs couplings would point to a new
scale below 10–20 TeV. We have advocated the two Higgs
doublet model without Z2 symmetry, as it offers hope for
electroweak baryogenesis, precisely for Higgs quartic and
extra top Yukawa couplings that are O(1) in strength.
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